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The exploitation of solar energy has become a necessity for sustainable development. One of the 
approaches has been the use of photovoltaic materials to convert this never-ending energy source 
in electrical energy. For this approach to be reliable, it ought to combine high efficiency with low 
production costs, while also promising flexible devices. Perovskite structured compounds act as 
the light harvesting material in solar cells and can be produced using simple methods such as 
solvent-engineering and spin coating. This work focuses on the study of perovskite compounds 
ABX3, where A is methylammonium or caesium cations, B is a lead cation and X is a halide ion 
such as bromine, chlorine and iodine. These films were produced via spin coating and the solvent-
mix used was DMF:DMSO in different ratios (2:3, 3:2 and 4:1). The influence of toluene dropping 
during the spinning process was also studied. The careful tuning of these processes allowed the 
formation of poly-crystalline perovskite films, deposited on top of Glass/FTO/ZTO-NPs, that 
presented optical absorbance values between 80-90% and optical bandgaps of 1.5 eV for MAPbI3 
and 1.7 eV for MAPbI2Br0.85Cl0.15, as expected from the state-of-art materials. 
Keywords: renewable energy, flexible and low-cost thin-film photovoltaics, solvent-









A exploração da energia solar tornou-se numa necessidade para um desenvolvimento sustentável. 
Uma das abordagens tem sido a utilização de materiais fotovoltaicos para a conversão desta fonte 
de energia renovável em energia elétrica. Para que esta abordagem seja segura, deve combinar 
alta eficiência com baixos custos de produção e a promessa de dispositivos flexíveis. Compostos 
com a estrutura da perovskite atuam como material activo numa célula solar e podem ser 
produzidos usando métodos simples como solvent-engineering e spin-coating. Este trabalho 
apresenta um estudo de compostos de perovskite ABX3, onde o A é um catião de metilamónio ou 
césio, o B é um catião de chumbo e o X é um haleto (bromo, cloro e/ou iodo). Estes filmes foram 
produzidos via spin-coating e a mistura de solventes usada foi DMF:DMSO com diferentes rácios 
(2:3, 3:2, 4:1). Foi também estudada a influência da adição de tolueno durante o processo de 
spinning. O ajuste destes processos permitiu a formação de filmes de perovskite policristalinos, 
depositados em cima de vidro/FTO/ZTO-NPs, com valores de absorvância entre 80-90%, e hiatos 
ópticos de 1.5 eV para MAPbI3 e 1.7 eV para MAPbI2Br0.85Cl0.15, o que está de acordo com o 
state-of-art. 
Palavras-chave: energia renovável, filmes fino fotovoltaicos flexíveis e de baixo custo, células 
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Motivation and Objectives  
Silicon has been the favored photovoltaic material in microelectronics. However, there is demand 
for a semiconductor able to combine low-temperature solution-processability with efficient 
fulfilment of the three primary functions of a solar cell active layer: light absorption, free-carrier 
generation, and transport of both holes and electrons to their selective contacts with minimum 
losses. A new generation of mixed-organic halide perovskites offers prospects on higher energy 
conversion efficiencies and lower processing costs. 
The lowest cost and highest throughput method of fabrication is solution based production. It is 
hard to envisage a solar technology breaking into the large-scale power market unless it can 
compete closely with c-Si on efficiency, and beat it on price. The usual requirement of high 
temperatures for processing limits the choice of possible substrates. 
Table 1- Silicon solar cells vs. Perovskite solar cells. 
Silicon Solar cells Perovskite Solar Cells 
Expensive, multistep process conducted at 
high temperatures in high vacuum and special 
clean room facilities 
Simpler wet chemistry techniques in a 
traditional laboratory environment.  
Solvent and vapor deposition techniques. 
 
An ideal solar cell requires low cost, trouble free, abundant material resources with good stability 
and high-power conversion and should be able to be integrated into a large area device.  
The main goal of this work was to pave the way towards producing a flexible and low cost solar 
cell, using a novel perovskite-structured material as the active layer. For that, and with the 
temperature dependence of flexible substrates, all the materials chosen had to be low-cost and 
easily fabricated. 
This work was divided in: 
 Optimization of the production of zin tin oxide (Zn2SnO4) nanoparticles through a large-
scale solution method; 
 study of perovskite materials thin films and its dependence on the anti-solvent (toluene), 
solvent mix ratio and doping; 
 attempt at a solar cell production using Zn2SnO4 nanoparticles as the electron transport 








A solar cell is an electronic device that takes advantage of the photovoltaic effect in which 
electromagnetic radiation is converted into electrical energy. For that, a material in which the 
absorption of light causes the excitation of an electron, and its consequent dislocation to the 
external circuit of the solar cell, is needed.  
When a solar cell is illuminated, if the photon energy is higher than the band gap of the 
semiconductor material (EPH > Eg), electron-hole pairs are generated (EHP) which are then 
collected, generating an external current. This is the main principle of a solar cell. In summary, 
there are three essential steps towards a working solar cell: electron-hole generation, minority 
carriers separation, and its sub sequential collection.  
 
Figure 1 - Solar device scheme. 
1.1 Perovskite Solar Cell 
A perovskite solar cell (PSC) includes a perovskite structured compound, most commonly a 
hybrid organic-inorganic lead halide-based material, as the light-harvesting active layer. These 
materials are cheap to produce and simple to manufacture. 
1.1.1 Perovskite Structure 
A perovskite material presents the same type of crystal structure as calcium titanium oxide 
(CaTiO3). Perovskite compounds have the chemical formula ABX3, where A and B are cations of 
very different sizes and X is an anion that bonds to both. The most commonly studied perovskite 
absorber is methylammonium lead trihalide (MAPbX3, where X is a halogen atom such as iodine, 
bromine, or chlorine), with an optical bandgap between 1.5 and 2.3 eV depending on the halide 
content. [1]–[4] It also exhibits a very high charge carrier diffusion and low exciton binding 
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energy, while having high absorption coefficient and charge carrier mobility, functioning as an 
ambipolar layer and absorbing broadly across the solar spectrum. [5]–[8] 
These perovskite absorbers do not require expensive and complicated techniques, resulting from 
simple preparation, such as solution-processing, spin coating or printing. In addition, perovskite 
can be solution-processed in air under low temperature conditions, positioning it as a promising 
material for photovoltaic devices.[8]–[10] The possibility to tune the optical properties of the 
organo-metal halide perovskite paves the way to high voltage cells.[4], [9]  
 
Figure 2 – Structure models of MAPbI3 with a) cubic, b) tetragonal and c) orthorhombic structures. Image adapted from 
[11] 
The crystal structure of perovskite materials can be cubic, tetragonal or orthorhombic (Figure 2) 
which can also be estimated using the Goldschmidt tolerance factor.[4] This factor is explained 
in Appendix C. The electronic properties of organometallic halides depend on various factors 
which can be controlled experimentally. These factors include lattice constants, which can be 
varied by applying external pressure or internal chemical pressure; the type of halide ion, 
controlled by chemical substitution; and the type of organic ion. [12] 
1.1.1.1 Halide Influence 
The insertion of both Cl and Br in the perovskite lattice reduces charge recombination rates in the 
light absorber film, determining the open circuit voltage of the device.[13] Higher bromide 
content results in a higher band gap, and 1/6 of bromide seems to be optimal and it was 
demonstrated to improve slightly the lifetime of the devices. [1], [2], [4], [14] The addition of Cl 




1.1.1.2 A-Cation Influence 
The organic compound tunes the binding exciton energy as it influences the dielectric constant.[9] 
The cation (A) in ABX3 perovskites commonly includes alkylammonium (e.g. methylammonium, 
caesium, etc.). The identity of the A cation strongly influences the band gap and electronic 
properties of perovskites through its influence on the crystal structure. [19] Recent studies have 
revealed that the introduction of Cs+ cations in small quantities (10 mol%) can effectively alter 
the crystalline lattice, modulate the thermodynamic phase stability, and control the film formation 
of hybrid perovskites.[20] Partial replacement of MAI with CsI in the precursor solution 
influences the crystallization rate and film formation of perovskites, not affecting significantly 
the resulting optical gap. [21] The similar size of Cs+ and MA+ cations allows Cs ions to substitute 
and coexist with MA without fundamentally changing the crystal structure. [19] 
1.1.1.3 Spin Coating 
Spin coating is one of the cheapest film production methods, being widely used in solution-
processed perovskite solar cells. Evaporation and the convective self-assembly process during 
spinning induces the immediate formation of well-crystallized perovskite materials due to strong 
ionic interactions between the metal cations and halogen ions.[22] 
Pre-heating both the substrate and precursor solutions results in more uniform and highly 
crystalline thin films, and the use of toluene washing has been reported to lead to fast 
crystallization and short thermal annealing times. The rapid change in film color from yellow to 
reddish-brown, shown in Figure 3, shows crystalline perovskite formation after adding the anti-
solvent during spinning. When toluene reacts with the perovskite solution, forces its precursors 
to precipitate. Hence, the volume of anti-solvent used is very critical for reproducible efficient 
perovskite cells.[23]  
 
Figure 3 - Scheme of the solvent washing process. Adapted from [23] 
1.1.1.4 Solvent Influence 
Generally, N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) are used as effective 
solvents for lead halides, MAI and MABr. [22] DMSO has been reported as acting both as a 
solvent and as a coordination reagent to form a MAI-PbI2-DMSO intermediate phase film, which 
enabled the subsequent formation of a highly uniform and dense MAPbI3 film after annealing, 
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while the relatively higher evaporation rate of DMF facilitates solvent evaporation during spin 
coating.[24]  
1.1.2 Perovskite Solar Cell Architecture 
The cell structures used can be classified into two types: porous and planar architectures (Figure 
4).  Early perovskite solar cells were based on a mesoporous oxide structure that is commonly 
used in dye-sensitized solar cells.[25] The titanium dioxide (TiO2) mesoporous layer in perovskite 
solar cells has an important role in electron transport, as well as in the mechanical support of the 
perovskite crystal as a scaffold.[26] However, mesoporous layer-based devices require high-
temperature sintering, which precludes the use of either plastic substrates or roll-to-roll 
processing. To overcome the issue, the planar perovskite solar cell was developed and showed 
comparable performance.[9], [27], [28] 
 
Figure 4 - Representative scheme of a mesoporous PSC (right) and planar PSC (left). 
The ability to use perovskite in sensitized or planar architecture, in addition to its ambipolar 
properties, are competitive advantages towards achieving high power conversion efficiencies.  
1.1.3 Electron Transport Layer 
The main goal for an electron transport layer (ETL) is to extract photo generated electrons from 
perovskite and transport these charges to electrodes. Its influence on several factors can be 
observed in Table 2. [29] 
Table 2 - Influence of the electron transport layer on PSC factors. 
Factor Influence 
Energy level Charge injection and recombination 
Trap states Charge recombination and transport 
Electron mobility Charge transport and collection 
Interface Charge recombination 




The most used material for ETL is TiO2, a semiconductor oxide with favorable energy level, easy 
fabrication, and long electron lifetimes. However, it also shows low electron mobility, high 
density of electronic trap states below the conduction band, and it requires high-temperature 
processing, which presents a serious problem for flexible solar cells production. [25] For that, a 
zinc oxide (ZnO) layer was introduced as an alternative ETL, which presented better electron 
mobility than titanium oxide and low temperature preparation.[28] However, its chemical and 
thermal instability made this material a poor solution.[29] A tin dioxide (SnO2) layer has also 
been employed with the advantages of possessing excellent optical properties and good stability, 
however a hysteresis behavior is associated with this material.[30] To solve these problems, zinc 
tin oxide (ZTO) nanoparticles films have been introduced as a more favorable electron extractors 
in perovskite solar cells. This material is prepared in solution below 100 ºC and some of its 
appealing properties are: a conduction band edge position similar to TiO2 and ZnO, and its 
chemical stability with respect to acid/base solution and polar organic solvents which make it an 
excellent candidate for solution processing. [31] 
1.1.4 Hole Transport Layer 
The main goal for a hole transport layer is to extract photo generated holes, reducing 
recombination in the active layer. Despite the rapid increase in efficiency associated with the 
evolution in different types of perovskite and device fabrication techniques, the HTL used has 
been mainly limited to organic compounds.[32] The state-of-the-art 2,2’,7,7’-tetrakis(N,N-di-p-
meth-oxyphenylamine)-9’,9’-spirobifluorene (Spiro-MeOTAD) and other small molecules, such 
as pyrene arylamine derivatives and  conducting polymers have relative high cost when compared 
with the n-type semiconductors (TiO2, ZnO, ZTO) and to the perovskite itself is one of the main 
limitation of these materials for further large-scale application.[33] Compared with organic HTLs, 
inorganic p-type semiconductors appear to be an ideal choice given their high mobility, stability, 
ease of synthesis and low cost. Copper thiocyanate (CuSCN) is a p-type semiconductor which 
shows a good transparency throughout the visible and near infrared spectrum, high hole mobility 
and good chemical stability. Furthermore, it can be deposited through a solution processing at 








2 Materials and Methods 
2.1 Zinc Tin Oxide (Zn2SnO4) Nanoparticles Synthesis  
Two different methods were used to produce Zn2SnO4 nanoparticles: a small scale hydrothermal 
synthesis, and a large-scale solution-processed synthesis. Both methods used zinc dichloride 
(ZnCl2, Sigma-Aldrich) as the zinc source and tin chloride pentahydrate (SnCl2.5H2O, Sigma-
Aldrich) as the tin source.  
2.1.1 Hydrothermal Synthesis 
ZnCl2 and SnCl4.5H20 were dissolved separately in deionized water to form two transparent 
solutions. Then, the tin tetrachloride solution was slowly added to the zinc chloride solution 
(Zn:Sn ratio of 2:1). Sodium carbonate (NaCO3), used as a mineralizer, was dissolved in deionized 
water and added dropwise to the mixture under magnetic stirring. After stirring for 15 min, the 
solution (15 mL) was transferred into an autoclave (Model 4744, Parr) and subjected to 
hydrothermal conditions at 200 °C for 24h and then cooled at room temperature. The resulting 
precipitates were washed with deionized water and ethanol via centrifugation. These 
nanoparticles will be referred as ZTO. 
2.1.2 Solution-processed Synthesis 
ZnCl2 and SnCl4.5H20 (2:1) were dissolved in deionized water (80 mL) under vigorous magnetic 
stirring. Hydrazine hydrate (N2H4.H20) was added with a molar ratio N2H4:Zn of 8:1 and the 
resultant solution was heated on a hot plate, with and without a heating mantle, at 100 °C for 18h. 
The obtained products were washed with deionized water and ethanol via centrifugation. These 
nanoparticles will be referred as ZSO. 
2.2 Precursor Solutions Preparation  
2.2.1 ETL Precursor Solution 
The electron transport layer precursor solution was prepared dissolving the ZTO powder in IPA 
(15 mg ml-1) via ultrasonication for 30 minutes, resulting in a milky solution. 
2.2.2 HTL Precursor solution 
The hole transport layer precursor was prepared by dissolving copper(I) thiocyanate (Sigma-
Aldrich) in dipropyl sulphide (Sigma-Aldrich) with a concentration of 15 mg ml-1. The solution 
was stirred for 48h.  
2.2.3 Perovskite precursor solutions 
The perovskite compounds chosen to perform this study were Methylammonium Lead Iodide 
(MAPbI3), Caesium-doped Methylammonium Lead Iodide (MA0.9Cs0.1PbI3), Methylammonium 
Lead Trihalide (MAPbI2Br0.85Cl0.15) and Caesium-doped Methylammonium Lead Trihalide 
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(MA0.9Cs0.1PbI2Br0.85Cl0.15). All the reagents were purchased from Sigma-Aldrich. The powders 
used were methylammonium iodide (MAI), methylammonium bromide (MABr), caesium 
iodide(CsI), lead iodide (PbCl2), lead bromide (PbBr2) and lead chloride (PbCl2). The solvent mix 
was produced with dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) with ratios 
(DMF:DMSO) of 4:1, 3:2, 2:3 and 1:3. These solutions were made with a concentration of 1M 
and then stirred at 60 °C until it turned into a translucid yellow solution. Table 3 presents the 
quantities used for 1 ml of precursor solution for each perovskite 
Table 3 - Quantities of each reagent for 1M of perovskite. 
Reagents 
(mmol) 
MAPbI3 MA0.9Cs0.1PbI3 MAPbI2Br0.85Cl0.15 MA0.9Cs0.1PbI2Br0.85Cl0.15 
MAI 1 0.9 0.5 0.4 
MABr - 0.1 0.5 0.5 
CsI - 0.1 
PbI2 1 0.75 
PbBr2 - 0.15 
PbCl2 - 0.1 
2.2.4 Thin Films Deposition  
Fluorine-doped tin oxide (FTO) coated glass (100 mm x 100 mm x 2.2 mm, 13 Ω/sq, 82-84.5% 
transmittance) were obtained from Sigma-Aldrich and cut into smaller pieces of 2.5 × 2.5 cm2 to 
be used as the spin coating substrates. These substrates were then cleaned with detergent and 
deionized water and then placed in an ultrasonic bath in IPA for 15 min, followed by a 15 min 
UV treatment. Afterwards, a ZTO thin film was spin coated for 30 s at 4000 rpm.  
The substrates and the perovskite precursor solutions were heated at 70 °C. Perovskite thin films 
were deposited by spin coating a single layer of the perovskite precursor solutions (1M) using a 
2-step method that consisted in 10 s step at 1000 rpm followed by a 20 s step at 5000 rpm followed 
by an immediate hot plate annealing at 100 °C for 15 min. Toluene was added in the final 10 s 
with volumes between 0 and 750 µL. 
2.3 Characterization 
2.3.1 SEM-EDS  
Morphology was examined by scanning electron microscopy (SEM) using a Carl Zeiss Auriga 
crossbeam (SEM-FIB) workstation instrument equipped with an Oxford Intruments AZtec X-ray 




The structural analysis of both ZTO/ZSO nanoparticles and perovskite thin films was done by X-
ray diffraction (XRD) using a PANalyticalX’Pert Pro X-ray diffractometer in Bragg–Brentano 
geometry, with a monochromatic Cu-Kα radiation source (wavelength 1.5406 Å). XRD 
measurements were carried out from 10 ° to 65 º (2θ). The spectra analysis was acquired with 
High Score Plus software (PANalytical). 
2.3.3 UV-Vis Spectroscopy 
The optical characterization of the perovskite thin films was based on the absorbance spectra 
acquired by Shimadzu UV 3101PC by obtaining Reflectance and Total Transmittance with ISR-








3 Results and Discussion 
3.1 Zn2SnO4 Nanoparticles Characterization 
 
Figure 5 - XRD diffractogram of the results using different synthesis methods (left) and SEM images (right) of the 
samples: Solution-processed synthesis: a) at 90ºC; b) at 100ºC with no heating mantle; c) at 100ºC with a heating 
mantle. d) Hydrothermal Synthesis. EDS mapping can be found on Appendix A.  
In the hydrothermal method, ZnSn(OH)6 forms from the slurries of Sn and Zn by consuming OH- 
ions. The mineralizer used, NaCO3, can continuously supply OH- ions until all the intermediate 
hydroxide is fully converted to Zn2SnO4 (Reactions 1-4 – Appendix A). No impurities are 
formed because the nanoparticles can be effectively formed from both Zn(OH)4 and Sn(OH)6 ions 
(Reaction 5 – Appendix A), which can be confirmed with the XRD patterns showed in Figure 
5. The size of the nanoparticles obtained was in a range from 20-150 nm (Figure A4 – Appendix 
A). 
In the solution-processed method, a new Zn-N-H-OH complex is formed by the reaction of 
Zn(N2H4)2Cl2 with N2H4 and a continuous supply of OH-. This metal ammine hydroxyl complex 
requires a relatively low temperature for the formation of the crystalline metal oxide due to the 
low-energy kinetics of metal-ammine dissociation and the hydroxide condensation/dehydration 
reaction. In the synthesis performed at 90ºC, only the new complex peaks are observed which can 
be due to insufficient temperature to drive the dissociation/condensation reaction. In the synthesis 
performed at 100ºC, with no heating mantle to assure an uniformization of temperature throughout 
the total volume of the solution, and due to weak homogeneity of the solution (e.g: insufficient 
stir time), peaks related to three different compounds can be observed: Zn(N2H4)2Cl2, Zn2SnO4 
and ZnSn(OH)6. Both Zn2SnO4 and ZnSn(OH)6 are expected to be formed during this low 
temperature reaction, being the temperature and N2H4 concentration the key factors to assure that 
Zn2SnO4 as the only final product. The presence of Zn(N2H4)2Cl2 can be confirmed with EDS 
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(Figure A3 – Appendix A) and it can be explained with the lack of homogeneity throughout the 
volume of the synthesis solution. 
At last, the reaction performed at 100 ºC with the aid of a heating mantle presents a diffractogram 
similar to the one obtained for ZTO, confirming that Zn2SnO4 was indeed present. The greater 
height of ZTO peaks indicate a larger particle size related to ZSO, which is confirmed with SEM 
images. The range of sizes for the ZSO nanoparticles obtained were in the range of 20-30 nm 
(Figure A2 – Appendix A).  
3.2 Perovskite Thin Film Characterization 
 
Figure 6 - Change of color during the annealing process of a MAPbI3 perovskite thin film. 
Perovskite thin films deposited by spin-coating are not easily reproduced, since the way the anti-
solvent is dropped can affect the uniformity of the obtained film, such as the round defect in the 
middle of the MAPbI3 samples showed in Figure 6.  By the end of the spin-coating process, the 
MAPbI3 samples presented a darker color than the MAPbI2Br0.85Cl0.15 samples, which can be 
explained by the crystallization rate being slower when bromide is present. As the crystallization 
process occurs, it can be observed a change in the color from reddish-brown to brown, and then 
grey-black in MAPbI3 perovskites (Figure 6), and from yellow, to orange, to brown, and finally 
to grey-black in MAPbI2Br0.85Cl0.15 perovskites (Figure 7).  
 
Figure 7 - Change of color during the annealing process of a MAPbI2Br0.85Cl0.15 perovskite thin film. 
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3.2.1 Morphological Characterization 
Control over the morphology and coverage of high-quality perovskite films is the main issue 
affecting planar-structured perovskite solar cells fabricated by solution processing. The 
morphology of perovskite films was investigated for different solvent-mix ratios, and volumes of 
toluene dropped during the spin-coating process. The SEM images in Figure 8 show the changes 
in morphology of the prepared perovskite films. The EDS mapping of the perovskite samples can 
be found in Appendix B. 
3.2.1.1 Methylammonium triiodide perovskite 
 
Figure 8 - SEM images of MAPbI3 samples with different solvent mix ratios used and different toluene volumes added. 
The scale bar is 10 µm.  
As observed in Figures 8 and 9, when no toluene is dropped during the spin-coating processing 
it affects the way perovskite crystallizes resulting in poor coverage of the substrate (Figure B1- 
Appendix B), which can be confirmed for the three solvent-mix ratios used. When dropping 150 
µL of toluene, a better surface coverage was achieved. The best surface coverage was obtained 
when adding 750 µL of toluene, obtaining a continuous film with some pinholes. Such pinholes 
should be prevented for they can form channels across the perovskite layer that may provide a 
route for the HTM and rear electrode to penetrate through, increasing charge recombination and 
deteriorating the solar cell performance. The fact that the samples where the greatest amount of 
toluene was dropped were the smoother ones may be due to the rapid precipitation of perovskite 
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precursors, leaving a narrower window of opportunity for humidity to react with the hygroscopic 
methylammonium cation, since films are extremely moisture-sensitive until fully crystallized. 
Hence, the drier the sample is before the annealing process, the more uniform the film morphology 
will be. 
DMSO has a low evaporation rate and high viscosity and it functions both as a solvent and as a 
coordination reagent, in the form of PbI2-MAI-DMSO complex; while DMF only functions as a 
solvent with a relatively higher evaporation rate than DMSO. The formation of the PbI2-MAI-
DMSO intermediate-phase film retards the rapid reaction between PbI2 and MAI during the 
evaporation of DMF. It is observable in both Figures 8 and 9 that, when DMF is the main solvent 
(4:1 ratio), results in several large bundles of perovskite with lengths over 10 µm woven together 
in a network on the surface of the substrate, even when 150 µL of toluene is dropped during 
solvent washing. Even though these bundles are still formed when more DMSO is used, the 
surface coverage starts to improve. As toluene is added, the difference between ratios is 
accentuated.  
 
Figure 9 - SEM images of MA0.9Cs0.1PbI3 samples with different solvent mix ratios and different toluene volumes 
added. The scale bar is 10 µm.  
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3.2.1.2 Methylammonium lead trihalide perovskite 
 
Figure 10 - SEM images of MA0.9Cs0.1PbI2Br0.85Cl0.15 samples with different solvent mix ratios and toluene volume 
added. Sample with * was not doped with Caesium. The scale bar is 10 µm. 
As observed in MAPbI3 samples (Figures 6 and 7), when no toluene is added during the spin 
coating process, poor coverage is obtained (Figure 10). This coverage improves with the toluene 
volume added, with films becoming smoother and appearing more continuous with the increase 
of toluene. As mentioned in section 3.2.1.1, DMF is used as the main solvent while DMSO is 
used as a coordination reagent. It is still observed the formation of bundles when no toluene was 
added during the film deposition, however, differences between triiodide and trihalide perovskites 
appear even when only 150 µL of toluene is added. In this case, not even with excess DMF the 
formation of bundles is observed. In trihalide perovskite, the influence of caesium appears to be 
beneficent as the films become more continuous when this element is present. The presence of 
bromide and chloride presents a visible change in the manner that perovskite crystallizes. 
3.2.2 Structural Characterization 
Methylammonium lead halides can have three different crystalline phases – cubic, tetragonal and 
orthorhombic (Figure 2) – and these phases transition with temperature (Table B3 – Appendix 
C). To estimate those crystal phases, the Goldschmidt tolerance factor was applied. (Eq. 1 – 
Appendix C) Here, the ionic radii used were 1.8 Å for MA+ [35], 2.02 Å for Cs+, 1.32 Å for Pb2+, 
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2.06 Å for I-, 1.82 Å for Br- and 1.67 Å for Cl-. The tolerance factor was calculated for the six 
pristine perovskites that could be formed with the reagents that were used, and the results are 
presented in Table 4.  
Table 4 - the Goldschmidt tolerance factor calculated for six pristine perovskites: MAPbI3, MAPbBr3, MAPbCl3, 
CsPbI3, CsPbBr3, CsPbCl3. 
Perovskite MAPbI3 MAPbBr3 MAPbCl3 CsPbI3 CsPbBr3 CsPbCl3 
Tolerance 
factor 
0.81 0.82 0.82 0.85 0.86 0.87 
 
The tolerance factor values calculated indicates that, at room temperature, methylammonium lead 
halides are not in the ideal cubic structure, but instead adopting a preferential orthorhombic 
structure. The structural characterization that follows was based on a MAPbI3 crystal structure 
study performed by Takeo Oku, where each crystalline phase was characterized in their 
characteristic temperature range, to assure that each peak would correspond to only the phase that 
was being studied.[11]  
3.2.2.1 Methylammonium triiodide perovskite 
 
Figure 11 - XRD diffractogram of MAPbI3 perovskites with different DMF:DMSO ratios (left) and SEM images of the 
same samples: a,b) MAPbI3 4:1; c,d) MAPbI3 3:2; e,f) MAPbI3 2:3. The scale bars are 2µm (left) and 1 µm (right). 
As expected, these triiodide perovskites adopted an orthorhombic crystal phase, predicted by the 
Goldschmidt tolerance factor calculated in Table 4. However, it is also noticeable that, when the 
most amount of DMF is used, some PbI2 and MAI residues remain in the deposited film, which 
could be attributed to the lack of PbI2-MAI-DMSO complex. There is a large difference in the 
solubility of the PbI2 and MAI, causing them to separate from the processing solution during the 
evaporation of the solvents. Another clear difference is the main crystal plane in which these 
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perovskites prefer to grow, which may explain the differences in the films morphology, 
observable in Figure 11 (a-f).  When Cs+ was added, a change in peak intensity occurred. For the 
solvent-mix of 4:1, the crystal shows preferential growth in two distinct planes which may explain 
the inexistence of bundles (Figure 12 a and b) when compared to the un-doped one (Figure 11 
a and b).  
 
Figure 12 - XRD diffractogram of MA0.9Cs0.1PbI3 with different DMF:DMSO ratios (left) and SEM images of the same 
samples: a,b) MA0.9Cs0.1PbI3 4:1; c,d) MA0.9Cs0.1PbI3 3:2. . The scale bars are 2µm (left) and 1 µm (right). 
In all cases, the peaks of the FTO appear, which is due to lack of surface coverage and the 
existence of pinholes. This can be confirmed with the EDS characterization in Appendix B. 
3.2.2.2 Methylammonium Lead Trihalide Perovskite 
 
Figure 13 - XRD diffractogram of MA0.9Cs0.1PbI2Br0.85Cl0.15. 4:1 DMF:DMSO ratio, with and without toluene added 
(left) and different solvent-mix ratios (right). SEM images are: a, b) 4:1 ratio with toluene; c,d) 2:3 ratio. The scale bars 
are 2 µm and 1µm.  
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In trihalide perovskites, there is also a prominent peak referent to PbI2 when no toluene is added 
to the spin coating process. In this case, regardless the solvent-mix ratio, all the samples have the 
same preferred peak as the most intense one. The main difference is the fact that, contrary to what 
was observed for MACsPbI3, the worst surface coverage was obtained with the solvent-mix ratio 
of 2:3 (Figure B10 – Appendix B). The structural difference between the two perovskites seems 
to originate from the differences in the ionic radii of the halides (Table B2 – Appendix B). The 
smaller X ion radius is relatively beneficial for the formation of cubic structure, which can be 
confirmed by the appearance of a cubic crystal structure peak in the diffractogram.   
 
Figure 14 - XRD intensity peaks of MA0.9Cs0.1PbI3 and MA0.9Cs0.1PbI2Br0.85Cl0.15. 
When comparing MA0.9Cs0.1PbI3 and MA0.9Cs0.1PbI2B0.85Cl0.15 diffractograms, it was observed 
that when bromide and chloride were added the peaks shifted to the right (Figure 14), which can 
be attributed to the differences in sizes between the ions. Since the iodide ion is larger, the lattice 
is expected to contract with the addition of Cl and Br, shifting the diffraction peaks to larger 
diffractions angles.   
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3.2.3 Optical Characterization 
3.2.3.1 Methylammonium Lead Triiodide Perovskites 
 
Figure 15 – Optical absorption as a function of the wavelength for MAPbI3 (top images) and MACsPbI3 (bottom 
images) with different solvent-mix ratios. 
The optical absorption of triiodide perovskites (Figure 15) demonstrated to be stronger when less 
DMF was used in the precursor solution. This is related to the improved surface coverage resultant 
from the change of solvent-mix ratio from 4:1 to 3:2 and 2:3 (Figures 8 and 9). However, even 
though the samples where 750 µL of toluene were added seem to present an improved surface 
coverage, their absorbance is lower than the ones where 150 µL were added, which is probably 
due to changes in film thickness. With these data, and since an integrating sphere was used, the 
optical bandgap of each sample was calculated using the method explained in Appendix D and 
the results are shown in Table 5. The Eg was around 1.5 eV in all samples. 





VTOLUENE (µL) Eg (eV) VTOLUENE (µL) Eg (eV) 
2:3 
0 1.48 0 1.48 
150 1.48 150 1.50 
750 1.52 750 1.48 
3:2 
0 1.47 0 1.47 
150 1.48 150 1.51 
750 1.50 750 1.48 
4:1 
0 1.47 0 1.48 
150 1.48 150 1.48 
750 1.51 750 1.50 
 
3.2.3.2 Methylammonium Lead Trihalide Perovskites 
 
Figure 16 - Optical absorption as a function of the wavelength for different solvent-mix ratios. MAPbI2Br0.85Cl0.15 (top 
left image) and MACsPbI2Br0.85Cl0.15 (top right and bottom images) 
In methylammonium lead trihalide perovskites, as opposed to MAPbI3, the best absorbance was 
obtained with the 4:1 solvent-mix ratio of the caesium-doped trihalide perovskite. Trihalide 
perovskites have a higher band gap than triiodide perovskites, mainly because the addition of 
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bromide and chloride reduces the lattice constant. The optical bandgaps values calculated were 
around 1.6-1.7 eV and are presented in Table 6. 
Table 6 - Optical bandgaps calculated from the optical absorption for MAPbI2Br0.85Cl0.15 and MACsPbI2Br0.85Cl0.15 
samples. 




















In section 3.2.3.2, the perovskite materials present an optimal bandgap for single junction solar 
cells, similar to those of record devices. [36], [37] In section 3.2.3.2, it can be observed a 
consistent increase of 1-2 eV in the bandgap, which has been investigated in the literature to 
develop wide-bandgap perovskite films, mainly envisaged for the top cell of double-junction 
devices with Si-based bottom cell. [38] 
3.3 Solar Cells 
 
Figure 17 - MAPbI3 solar cells with different DMF:DMSO ratios: 2:3 (left), 3:2 (center), 4:1 (rigth). 
To investigate the behaviour of the perovskite thin films produced as a photovoltaic material, 
solar cells were produced (Figure 17). The ETL and HTL chosen were ZTO and CuSCN, 
respectively, as shown in Figure 18. However, it was not possible to obtain an IV curve when 




Figure 18 - Schematic of the solar cell envisioned. 
Even though the perovskite thin films produced present an optimal band gap for a solar cell, 
absorbing throughout the visible spectrum, and the morphology of the films presented numerous 
alternatives paths for which the current may travel, thereby short-circuiting the devices. To better 
understand the reason behind the non-functioning cell, images of cross section of the films were 
acquired by SEM (Figure 19). 
 
Figure 19 - SEM-FIB Cross section of MAPbI3 solar cells: a,c) 150 uL; b,d) 750 uL. 
The presence of pinholes could be detected in all the SEM images, regardless the type of 
perovskite, the volume of toluene added, or the solvent-mix used. The number of defects in the 
films made them permeable, causing the aluminium to go all the way through, short circuiting the 
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cell, as it can be seen in the EDS analysis (Figures 20 and 21). In this EDS mapping, it can be 
perceived that the aluminium penetrated the perovskite film, creating a more favourable path for 
the current created through the photovoltaic material. 
 
Figure 20 – EDS mapping of the cross section of a MAPbI3 solar cell produced with 150 µL of toluene. The scale bars 
are 1µm.  
 





Figure 22 – EDS mapping of the cross section of a MAPbI3 solar cell produced with 750 µL. The scale bars are 1µm. 
 
Figure 23 - Spectrums of the EDS mapping of the cross section of a MAPbI3 solar cell produced with 750 µL. The 
scale bar is 1µm. 
Since this solar cell is produced via spin coating, and the perovskite thin film appears to be 
extremely porous, it is expected that the HTL material also penetrated the film, creating 




4 Conclusions and Future Perspectives 
This work presented a study of solution-processed perovskite thin film materials, envisaged for 
low cost and flexible solar cells. For that, the photovoltaic devices ought to be fully constituted 
with inexpensive materials that can be processed at low temperatures. The study also focused in 
the production of Zn2SnO4 nanoparticles to work as an ETL, as they can be deposited at room 
temperature.  
Two methods were used to produce zin tin oxide (Zn2SnO4) nanoparticles. The hydrothermal 
method is simple, cost-effective with high reproducibility and good control over the composition 
and morphology, as long as the temperature is high enough to convert the hydroxides in Zn2SnO4. 
[39] However, it requires an autoclave and high temperature, making this technique not 
approachable for a simple production. In view of, a different approach was studied: a large-scale 
solution-processed synthesis. Even though the literature states that this method can produce 
nanoparticles at T=90ºC[31], the nanoparticles produced at that temperature were ZnSn(OH)6, 
which meant the temperature was not enough to convert it in zinc tin oxide. The temperature was 
raised to 100ºC but still the result was not the expected. Then, a heating mantle was applied to 
uniformize the temperature throughout the solution resulting in zinc tin oxide nanoparticles with 
a uniform range of sizes between 20-30 nm (Figure 5c); as opposite of those obtained via 
hydrothermal method, which had a larger range of sizes from 20-150 nm (Figure 5d).  
The second part of this work was consisted in the study of four types of perovskite compounds: 
methylammonium lead triiodide (MAPbI3), caesium-doped methylammonium lead triiodide 
(MA0.9Cs0.1PbI3), methylammonium lead trihalide (MAPbI2Br0.85Cl0.15) and caesium-doped 
methylammonium lead trihalide (MA0.9Cs0.1PbI2Br0.85Cl0.15). For the precursor solutions, a 
solvent-mix of DMF:DMSO was used with variable ratios: 4:1, 3:2, 2:3. These perovskite thin 
films were produced via spin-coating in air which difficulted the perovskite crystallization 
without defects (Figures 8-10).  
XRD diffractograms (Figure 11 and 12) showed that, when crystallized at 100 ⁰C in air, the 
perovskite films adopted a preferential orthorhombic crystal structure. When using a 4:1 ratio of 
DMF:DMSO, small residues of individual MAI and PbI2 were present, which may have been 
caused by the huge difference in the solubility of both reagents, causing them to separate from 
the processing solution during the evaporation of the solvents.[24] All the perovskites presented 
an orthorhombic structure arising from a distortion of the perovskite lattice. It has been proposed 
that in this system, the organic A cation acts to fulfil charge neutrality within the lattice. 
Nevertheless, its size is important, since it can cause the lattice to expand or contract; and 
changing the B-X bond length has been demonstrated to be important in the determination of the 
optical bandgap.[1] MA+ cations cannot be fixed in the crystal structure, which can be caused 
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either by a disordered orientation or by a mobility of the cation in the crystal. The disordering of 
the MA+ occupation is reduced only when this crystal structure transitions to an orthorhombic 
symmetry, getting a fixed position.[40]  
As for the solar cells, poor morphology can lead to electrical shorting and affect 
charge/transport/separation and recombination. One step solution-processed perovskite solar cells 
with planar geometries have issues to solve such as an inhomogeneous surface morphology 
(Figure 8-10), irregular crystallinity (Figure 11-13) and poor reproducibility. Also, perovskite 
crystallinity has a great effect on charge separation, transport and diffusion length, as for the 
defects in crystals behave as trap sites resulting in charge recombination. [23] Therefore, the poor 
response obtained with the solar cells produced is mainly attributed to pin-hole formation and 
incomplete coverage of the perovskite resulting in low-resistance shunting paths and low light 
absorption in the solar cell. [41]  
4.1.1 Future perspectives 
The perovskite films produced were porous, therefore this solar cell may benefit from an 
insulating TiO2 paste that can prevent short circuiting while extracting the photo generated 
carriers.  
To produce perovskite films with improved morphology, a precursor compound (HPbI3) could be 
the answer to the formation of highly uniform, dense and thick films of MAPbI3.[42] Also, the 
addition of formamidium (FA+) as a A-cation has been shown to improve thin film uniformity 
and continuity, and reduces the amount of pinholes and defects.[1] 
The main goal of this study was to focus on a perovskite solar cell that could be flexible and low-
cost, hence the HTL and ETL materials chosen. So, an obvious step would be, after optimizing 
all the layers of the solar cell structure, extend this research to flexible substrates such as 
FTO/ITO-coated PET/PEN.  
Another approach could be the incorporation of this wide band-gap materials in a tandem cell. 
MACsPbI2Br0.85Cl0.15 produced presented band gaps near 1.7 eV, which would be ideal for a top 
cell together with silicon, which has a bandgap of 1.1 eV. [4] [38] 
The optical bandgap tuning through chemical management results in an array of translucent colors 
which could be used to create colorful solar cell designs. These solar cells may replace windows, 
roofs, or walls. If they are produced in a flexible substrate they could be incorporated in flexible 
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NaCO3 as a mineralizer produces an impurity-free Zn2SnO4 single phase due to its ability of 
continuously supplying OH- ions by hydrolysis during the reaction and thereby stabilize the 
solution pH value. 
𝐶𝑂  3
2− + 𝐻2𝑂 → 𝐻𝐶𝑂3
− + 𝑂𝐻−    (1) 
𝐻𝐶𝑂3
− + 𝐻2𝑂 → 𝐻2𝐶𝑂3 + 𝑂𝐻
−   (2) 
The ions involved in this reaction can effectively form Zn2SnO4 nanoparticles without impurities 
as it can be seen in the reaction below.  
𝑆𝑛4+ + 6 𝑂𝐻− → 𝑆𝑛(𝑂𝐻)6
2−     (3) 
𝑍𝑛2+ + 4 𝑂𝐻− → 𝑍𝑛(𝑂𝐻)4
2−   (4) 
𝑆𝑛(𝑂𝐻)6
2− + 2 𝑍𝑛(𝑂𝐻)4
2− → 𝑍𝑛2𝑆𝑛𝑂4 + 4𝐻2𝑂 + 6 𝑂𝐻
−   (5) 
The low-temperature solution process chemical reactions can be observed in Figure A1. The 
relevant parameters are the temperature and the ratio between hidrazine and zinc. A low ration 
results in tin oxide while a high ratio results in both ZSO and ZnSn(OH)6. 
 
Figure A 1 - Formation mechanism of ZSO NPs. (a) Schematic illustration of the formation mechanism of crystalline 
ZSO NPs via low-temperature process. (b) Formation map of ZSO with different temperature and hydrazine/Zn ratio. 





Figure A 2 – SEM image of nanoparticles resultant from solution-processed synthesis of Zn2SnO4 at 90ºC.  These 
nanoparticles have around 20 nm of diameter.  
 
 
Figure A 3 - SEM image of the nanoparticles resultant from the solution-processed synthesis of Zn2SnO4 at 100ºC with 




Figure A 4 -  SEM image of nanoparticles resultant from the hydrothermal synthesis of Zn2SnO4. Nanoparticle size 
vary from 20 to 100  nm.  
 
 
Figure A 5 - SEM-EDS mapping images of the product resultant from the solution-processed synthesis at 90ºC with no 





Figure A 6 -EDS spectrums of the product obtained with low-temperature synthesis of Zn2SnO4. Scale bar is 2.5 µm. 
 
Figure A 7 – SEM-EDS mapping images and spectrum of low-temperature solution-processed synthesis of Zn2SnO4 at 





Figure A 8 – EDS spectrum of ZTO NPs produced by hydrothermal method. The scale bar is 2.5 µm. 
EDS mapping of the obtained products can help understanding the amount of each element 
present in the samples. In Figure A5 and Figure A6, it can be perceived that there is more zinc 
and oxygen than there is tin, however there is a strong presence of chloride, implying that the 
Zn(N2H4)2Cl2 complex was not able to dissociate. In Figure A7, it can be seen an uniformization 
on the mapping due to the Zn2SnO4 formation, however the chloride complex is still present, 





Figure B 1- SEM-EDS mapping images of MAPbI3 with a solvent-mix ratio DMF:DMSO of 4:1. The scale bars are 
2.5 µm. 
In the samples where MAPbI3 with a solvent-mix ratio of 4:1 was deposited, poor coverage of the 
substrate was obtained, which can be observed in Figures B1 and B2, where tin can be seen in 
the EDS mapping. The spectrums obtained show a great amount of tin in the bundle-uncovered 
section of the sample, revealing that the substrate (FTO) was not fully covered by the perovskite 
deposition. 
 





Figure B 3 - SEM-EDS mapping images of MAPbI3 with a solvent-mix ratio DMF:DMSO of 3:2. The scale bars are 
2.5 µm. 
Even though no bundles are formed when using different solvent-mix ratios, it is still possible to 
observed a poor coverage of the substrate (Figures B3-B6) with the presence of high amounts of 
tin in the EDS mapping.  
 
Figure B 4 - SEM-EDS spectrum of MAPbI3 with a solvent-mix ratio DMF:DMSO of 3:2. The scale bar is 2.5 µm. 
.  




Figure B 6 - SEM-EDS spectrum of MAPbI3 with a solvent-mix ratio DMF:DMSO of 2:3 
The films obtained had a high number of pores that went all the way through the perovskite film 
until the FTO substrate. Figures B7 to B10 reveal that, in these pores location, a high amount of 
tin is present, hence the FTO is uncovered.  
 
Figure B 7 - SEM-EDS mapping of MA0.9Cs0.1PbI3 with a solvent-mix ratio DMF:DMSO of 4:1. The volume of toluene 
added during the spin coating process was 750 µL. The scale bars are 2.5 µm. 
 
Figure B 8 - SEM-EDS mapping of MA0.9Cs0.1PbI3 with a solvent-mix ratio DMF:DMSO of 3:2. The volume of toluene 






Figure B 9 - SEM-EDS mapping of MA0.9Cs0.1PbI2Br0.85Cl0.15 with a solvent-mix ratio DMF:DMSO of 4:1. The volume 
of toluene added during the spin coating process was 750 µL. The scale bars are 2.5 µm. 
 
Figure B 10 - SEM-EDS mapping of MA0.9Cs0.1PbI2Br0.85Cl0.15 with a solvent-mix ratio DMF:DMSO of 2:3. The 







Crystallography and Chemistry of Perovskites 
In the ideal form the crustal structure of cubic ABX3 perovskite can be described as a consisting 
of corner sharing [BX6] octahedral with the A cation occupying the 12-fold coordination site 
formed in the middle of the cube of eigth such octahedral. The relative ion size requirements for 
stability of the cubic structure are quite stringent, so slight buckling and distortion can produce 
several lower-symmetry distorted versions, in which the coordination numbers of A cations, B 
cations or both are reduced. The orthorhombic and tetragonal phases are most common non-cubic 
variants. Distorted perovskites have reduced symmetry, which is important for their magnetic and 
electric properties. Hence, most perovskite are distorted and do not have the ideal cubic 
structure.[43] 
Goldschmidt tolerance factor  
The Goldschmidt’s tolerance factor t allows an estimation of the degree of distortion. It is based 
on ionic radii (Table B2), therefore, purely ionic bonding is assumed, but can be regarded as an 
indication for compounds with a high degree of ionic bonding. [43] 
The Goldschmidt tolerance factor (t) is a dimensionless number that is calculated from the ratio 




  (1) 
Where rA is the radius of the A-cation. rB is the radius of the B-cation and rX is the radius of the 
anion.  
Table C 1 - Goldschmidt tolerance factor and its respective structure and explanation. 
Goldschmidt 
tolerance factor (t) 
Structure Explanation 
>1 Hexagonal or Tetragonal A ion too big or B ion too small. 
0.9-1 Cubic A and B ions have ideal size. 
0.71-0.9 Orthorhombic/Rhombohedral A ions too small to fit into B ion interstices. 
<0.71 Different structures A ions and B have similar ionic radii. 
The ideal cubic perovskite has t = 1.00. If the A ion is smaller than the ideal value, then t becomes 
smaller than 1. Thus, the [BX6] octahedral will tilt to fill space. However, the cubic structure 
occurs if 0.89 < t < 1. Lower values of t will lower symmetry of the crystal structure. For example, 
with t = 0.81 an orthorhombic structure is achieved. On the other hand, if t is larger than 1 due to 
a large A or a small B ion then hexagonal variants of the perovskite structure are stable. Since 
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perovskites are not truly ionic compounds and since the t values also depend on what values are 
taken for the ionic radii, the tolerance factor is only a rough estimate.[43] 
Table C 2 - Table of ion radius that could be utilized for the Goldschmidt’s tolerance factor. 
  Coordination 
 Radius (Å) (VI) (VIII) (X) (XII) 
MA+ - - - - 1.8 
Cs+ 
Ionic 1.67 1.78 1.81 1.88 
Crystal  1.81 1.88 1.95 2.02 
Pb2+ 
Ionic (Å) 1.19 1.29 1.4 1.49 
Crystal 1.33 1.43 1.54 1.63 
I- 
Ionic 2.2 - - - 
Crystal 2.06 - - - 
Br- 
Ionic 1.96 - - - 
Crystal 1.82 - - - 
Cl- 
Ionic radius 1.81 - - - 
Crystal radius 1.67 - - - 
 
 
Table C 3 - Crystal systems and transition temperatures of CH3NH3PBX3 (X= Cl, Br, or I). [11] 
Material CH3NH3PbCl3 CH3NH3PbBr3 CH3NH3PbI3 
Crystal system Cubic 
Transition temperature 
(K) 
177 236 330 
Crystal system Tetragonal 
Transition temperature 
(K) 
172 149~154 161 





UV-Vis Absorbance fitting example 
 
Figure D 1 - Optical absorbance of a perovskite samples with linear fitting to determine the optical bandgap. 
The optical band gap (Eg) is calculated through a linear fit of the optical absorption as a function 
of the wavelength graph, as seen in Figure D1. With the values of the slope (b) and interception 







| = 743.7585 𝑛𝑚 
With the value of λg, the Eg can be calculated through the expression below, where h is the planck 










Figure E 1 - First attempt at a solar cell: Glass/FTO/ZTO/Perovskite/CuSCN/FTO/Glass. The solar cell is kept 
together with paper binders. It was responsive to light however no current was possible to measure. 
Figure E1 represents a first attempt, out of curiosity, of the production of a perovskite solar cell. 
It was based on a simple method[45], where a perovskite layer was deposited via spin-coating on 
top of a ZTO/FTO/Glass substrate, followed by a CuSCN deposition also via spin coating. To 
simplify, a FTO-coated glass was put over the CuSCN layer, with the conducting side contacting 
the HTL. When exposing the cell to light, it was possible to extract a voltage value, but no current.  
 
Figure E 2 - Optical Absorbance of the ETL (ZTO) and HTL (CuSCN). 
Figure E2 presents the absorbance of the ETL and HTL materials used. Their optical absorbance 
is around 10%, making these materials ideal for transparent carrier transport layers.  
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